In an effort to improve warm season quantitative precipitation forecasts, this study evaluates the frontogenetic regions associated with nocturnal mesoscale convective systems. Comparisons of these regions were made to multi-radar/multi-sensor (MRMS) quantitative precipitation estimates to calculate the distance of the frontogenetic maximum to the precipitation maximum. These comparisons were made for nineteen cases during the months of June, July, and August in 2015 and 2016. Frontogenesis for each case was evaluated at every 50 mb of the atmosphere, beginning at 900 mb and ending at 600 mb, with the ultimate goal of determining which level of the atmosphere could be used to best predict the location of the precipitation maximum. An average location was also recorded as the mean of the latitudes/longitudes of the seven levels of interest. Additionally, three different times were evaluated (0300 UTC, 0600 UTC, and 0900 UTC) to determine if time of night had any influence on the results. Overall, it was concluded that the 900 mb level and the average level were the best overall predictors of maximum rainfall, with precipitation falling approximately 150 km from the frontogenetic region on the warm side. However, t-tests indicated that the difference between the distances measured at each level were not statistically significant at all levels given an alpha value of .05, and thus no level could be technically classified as the best level. Furthermore, there did not appear to be any influence of time of night on the location of the maximum. Due to the small sample size and the large amount of variability among the cases, all results should be regarded with caution. Further analysis is necessary to understand the characteristics, shape, and location of frontogenesis which ultimately resulted in this variability.
INTRODUCTION
Predicting warm season rainfall events has proven to be an enduring problem for forecasters over the last several decades. Often termed "The Achilles' heel of weather prediction," warm season (AprilSeptember) quantitative precipitation forecasts (QPF) have continued to perform poorly relative to their cooler counterparts in spite of continual improvements in overall QPF (Fritsch and Carbone 2004) .
There are significant risks to life, property, and the economy as a consequence of the uncertainty surrounding warm season precipitation. One of the deadliest weatherrelated hazards, flash flooding, results in 5,000 deaths annually worldwide (AMS 2017) , often due in part to low warning times resulting from a lack of predictability. Furthermore, several important industries rely heavily on accurate short-range forecasts, including the agriculture, oil, and insurance industries. For these industries, improved QPF could lead to significant economic benefits, resulting in millions of dollars in savings each year from risk mitigation (Williamson et al. 2002) . In consideration of the high societal impacts of accurate forecasting, it is imperative that improved forecasting be at the forefront of current research efforts.
Though a framework for improving warm season QPF was established by the United States Weather Research Program (USWRP) in 2004 after an evaluation of Weather Prediction Center (WPC) threat scores (Fritsch and Carbone 2004) , there continues to be a threat score minimum in the warm season where precipitation impacts tend to be higher (Fig 1) . Threat scores, or the Critical Success Index (CSI), can be defined as a combined measure of the False Alarm Ratio (FAR) and the Probability of Detection (POD), with a threat score of 1 indicating that the forecasted event perfectly matched the observed event (Jolliffe and Stephenson 2003) .
BACKGROUND
Warm season precipitation events are often categorized as mesoscale convective systems (MCSs). Defined as any organized cluster of two or more cumulonimbus clouds with a minimum length of approximately 100 km and a time scale of >1 hour in duration (Trapp 2013) , MCSs account for up to 70% of warm season precipitation with higher The green line corresponds to the threat scores for the Day 2 forecast. The blue line corresponds to the threat scores for the day three forecast. All threat scores are based on precipitation events in which ≥1.00 of precipitation fell. Image was generated by the WPC.
amounts for the months of June -August (Fritsch et al. 1986 ). Typically associated with deep, moist convection, these systems tend to produce high rainfall rates, thereby increasing the potential for dangerous flash flooding (Doswell et al. 1996) .
The majority of MCSs are classified as elevated convection, or saturated air parcels which originate from a point above the planetary boundary layer (PBL) (Corfidi et al. 2008) . These systems often initialize as convection off of the Rocky Mountains before propagating eastward into the evening hours and developing into MCSs. For the central Great Plains region, there is a nocturnal maximum in the frequency of these convective thunderstorms during the warm season (Heideman and Fritsch 1988) . Nocturnal MCSs are notoriously more difficult to predict, as the crucial ingredients which contribute to their development are still largely unknown. Unlike daytime thunderstorms which originate from surface boundaries where air collides, a feature which can be seen easily in our dense network of surface stations, nocturnal thunderstorms have no evident trigger of initiation, thereby reducing their overall predictability. In 2015 , Geerts et al. (2017 (Black 1994) , there is still not a model which is able to adequately resolve the smallscale processes which contribute largely to the precipitation being produced (Gallus 2002) . Furthermore, there is some evidence to suggest that further improvements in grid spacing may prove to be futile, as threat scores appear to be leveling off as horizontal resolution improves. Therefore, additional steps must be taken beyond model improvements in order to effectively reduce forecast error and increase warm-season threat scores.
One potential method that has not been wellresearched involves the application of frontogenesis and the deformation zone to MCSs, both of which are known to favor upward motion. Frontogenesis may be defined as a positive change in the horizontal thermal gradient over a period of time for any layer or level in the atmosphere (Petterssen 1936):
Frontogenesis is produced by regions of horizontal deformation, where a deformation zone can be defined as an area of stretching produced by converging airstreams, thereby producing an axis of contraction and an axis of dilation ( Fig. 2A, B) . When the isotherms run parallel to the axis of dilation, the thermal gradient tightens due to the converging winds, resulting in frontogenesis (Funk 2004) . When this deformation occurs within the 850 -500 mb layer during the winter months, it is well-known that mesoscale banding may occur at the surface, producing up to 5"/hr. of snowfall in some cases. (Banacos 2003) .
Though there have been several studies which have correlated mid-level frontogenesis with cold-season mesoscale banding, there is currently a lack of research which supports the same conclusions for warm season convective events. Given the far-reaching impacts of nocturnal MCSs, there is an evident demand for further research which would resolve this lack of understanding. This research study evaluates frontogenesis at multiple levels in the atmosphere to determine if there is a single level which best predicts the region of maximum rainfall for nocturnal elevated convective events occurring in the Corn Belt region during the warm season. Additionally, analysis will be done to conclude if time of night has any influence on the correlations in question. We currently hypothesize that the 700 mb level will be the most accurate predictor of the region of maximum rainfall and that time of night will have some influence.
FIG. 2A, B:
A thermal gradient for a deformation zone at time t=0 and a thermal gradient for a deformation zone at a later time. Isotherms are represented by the red dashed lines. Winds are represented by white streamlines. In this example, the flow is acting frontogenetically, as the winds are blowing perpendicular to the thermal gradient and converging along the axis of dilation. Over time, frontogenesis is strengthened as the isotherms tighten. Adapted from Funk (2004) .
DATA AND METHODS

a) Case Selection
A preliminary set of dates were selected from the University Center for Atmospheric Research (UCAR) Image Archive for 2015 -2016 to identify potential nocturnal MCSs which occurred in the Corn Belt region (Fig.  3) . Only those cases which occurred during the months of June, July, and August were taken into consideration in order to be classified as warm-season precipitation. For each case, nocturnal was defined as any system which occurred during the hours of 0000 UTC -1200 UTC. For any day in this period in which nocturnal convection was present within the domain, the date was recorded.
To further refine the dataset, several parameters were established in order to focus on those systems with the greatest impacts. For the purposes of this study, each system had to be large (>150 km in synoptic length), long-lived (>5 hours in duration), and strong (>30 dBZ in reflectivity). Furthermore, preference was given to those cases which maintained these characteristics for the period between 0300 UTC and 0900 UTC. These refinements produced nineteen nocturnal MCS cases.
b) Analysis of Frontogenetic Regions
In order to represent the atmosphere as accurately as possible, the zero-hour forecast (F00) for the Rapid Update Cycle (RUC)
FIG. 3:
The domain for this study, the Corn Belt region, indicated by the shaded states. The domain encompasses the region which has a nocturnal maximum in the frequency of MCSs during the warm season (Heideman and Fritsch 1988) . model was used for this analysis, where we assume that the model predictions for F00 can be used as a proxy for the observed atmospheric conditions at that time. For every 50 mb of the atmosphere, beginning at 900 mb and ending at 600 mb (900 mb, 850 mb, 800 mb, 750 mb, 700 mb, 650 mb, and 600 mb), the region of maximum frontogenesis was evaluated and recorded as a latitude/longitude value. Additionally, an average location was calculated based on the mean of the latitudes/longitudes of the seven levels of interest. Since very small-scale processes can locally enhance frontogenesis, the actual maximum of the frontogenetic region was not used. In order to identify a broader region of organized frontogenesis, any contours which were more than half of the maximum value were removed. The centroid of the remaining contours was then approximated as the maximum (Fig 4) . This process was repeated for the 0300 UTC, 0600 UTC, and 0900 UTC model runs for all nineteen cases. No frontogenetic maxima were recorded for cases in which the maximum values did not exceed 2. For a full list of the maxima and their locations, see the appendix at the end of the study.
It should be noted that during several of the model runs, multiple frontogenetic maxima could be identified. In general, the region that seemed to be closest to the convection was used for analysis, as there were often areas of strong frontogenesis that seemed to be unrelated to the MCS of interest.
c) Analysis of MRMS QPE
Multi-Radar/Multi-Sensor (MRMS) quantitative precipitation estimates (QPE) produced by the National Center for Environmental Prediction (NCEP) were used for comparisons to regions of frontogenesis. 3-hr MRMS data measurements were collected and plotted over the domain for 0300 UTC -0600 UTC, 0600 UTC -0900 UTC, and 0900 UTC -1200 UTC. Since MRMS data integrates data streams from multiple sources -such as radar, models, and rain gauges -in order to depict current atmospheric conditions, 3-hr estimates were used as opposed to 1-hr in order to eliminate
FIG. 4:
An example of the technique for determining the frontogenetic maximum. The red circles are lines of constant frontogenesis. In this example, there are two frontogenetic maxima with a value of 8. Based on our technique, any contours which were more than half of this value would be eliminated. The centroid of the remaining contours would be used as the frontogenetic maximum. This maximum is indicated by the black X. storm scale biases, thereby providing a mesoscale estimate of the amount of rainfall produced by the system. For each time period, the region of maximum rainfall was evaluated and recorded. Similar to the analysis of frontogenesis, any precipitation values which were more than half of the maximum value were removed in order to eliminate the effects of small-scale processes. Some interpolation of the QPE was necessary in order to find a singular maximum which was representative of the entire system. For a full list of the maxima and their locations, see the appendix at the end of the study.
d) Comparisons of MRMS QPE and Frontogenesis
After recording the approximate locations of frontogenetic and QPE maxima for the nocturnal MCSs as a latitude/longitude value, the distance between the maxima was measured and recorded. In order to maintain consistency between distance measurements, a natural coordinate system was established. When rainfall maxima occurred on the warm side of the frontogenetic maximum, distance was positive. When rainfall maxima occurred on the cold side of the frontogenetic maximum, the distance was negative (Fig. 5) . Cases in which the precipitation maximum occurred along the axis of dilation were italicized. This evaluation was repeated for each hour and each level of interest.
In order to analyze the data, the mean, standard deviation, and variance of distance were calculated for each level of interest for all nineteen cases. A preliminary assessment of this data was made to determine which level could be classified as the "best" level, where best can be defined the as the level where the frontogenetic maximum was consistently closest to the precipitation maximum. Therefore, the mean and standard deviation were both taken into consideration.
Following the preliminary assessment, twosample t-tests assuming unequal variances were performed on the data to determine if the mean value of the distance for one level had a statistically significant difference with the mean value of the distance at some other level. For cases in which the significance
FIG. 5:
A frontogenetic maximum. The red circles are lines of constant frontogenesis. The X indicates the maximum of the frontogenetic region. The black dashed lines, which run parallel to the major axis of the frontogenetic region, are isotherms, lines of constant temperature, with colder temperatures to the left. An arrow, which points into the warm air from the maximum, indicates the direction which is positive for measurements of distance. All distance measurements were taken from the centroid of the zone of frontogenesis. level was less than or equal to .05, the null hypothesis was rejected in favor of the alternative hypothesis, where the null hypothesis assumed no difference between the mean of the distances. This testing was repeated until each level of interest was compared.
e) Influence of Time of Night
Similar to the testing done in comparing the frontogenetic maxima with the QPE maxima, two-sample t-tests assuming unequal variances were performed to conclude if time of night had any influence on the mean distance recorded at each level. Comparisons were made between 0300 UTC and 0600 UTC, 0300 UTC and 0900 UTC, and 0600 UTC and 0900 UTC at each level of interest to determine if the difference between the mean distance at each time was statistically significant. For cases in which the significance level was less than or equal to .05, the null hypothesis was rejected in favor of the alternative hypothesis, where the null hypothesis assumed no difference between the mean of the distances.
RESULTS
a) Comparisons of Frontogenetic Maxima and MRMS QPE Maxima
All nineteen cases were analyzed to determine the location of the frontogenetic maximum relative to the MRMS QPE maximum. This distance was averaged over all time periods for each level of interest (Table 1) . Additionally, the standard deviation and variance were calculated. Of all eight levels (including the "average" level), the 900 mb level had the lowest mean, with the maximum precipitation typically occurring 148.29 km from the frontogenetic maximum. This value was closely followed by the mean distance of the average level, where the maximum precipitation typically occurred 149.40 km from the frontogenetic maximum. Though the mean distance of the 900 mb level was lower than the mean distance of the average level, the average level had a smaller standard deviation (± 87.30428 km) in comparison with the 900 mb level (± 92.19048 km) , indicating less variability among the results. Therefore, the average level would likely be considered the better level, though this is subject to interpretation.
Though the mean distance of the 900 mb level and the average level both appeared to be much lower than the mean distance of the other tested levels, t-testing was performed to determine if this distance was statistically significant enough to make a claim that any one level performed better than another. The p-values from this evaluation were recorded ( Table 2 ). The results of the t-tests showed that the 900 mb level was significantly different from the 800 mb level at the 95% confidence level and was significantly different from the 850, 800, and 750 mb levels at the 90% confidence level. Similarly, the average level was significantly different from the 800 mb level at the 95% confidence level and was significantly different from the 850, 800, and 750 mb levels at the 90% confidence level. Values with an asterisk were considered significant at a 95% confidence level.
hypothesis in favor of the null hypothesis and conclude that no single level can be determined as the best approximation of the area of maximum precipitation given a frontogenetic maximum at that level.
b) Influence of Time of Night
To assess the impact of time of night on measurements of distance, calculations of mean, standard deviation, and variance were performed for each level of interest at each time period (i.e. 900 at 0300 UTC, 900 at 0600 UTC, 900 at 0900 UTC, etc.) (Table 3) . Additionally, box and whisker plots, which are included in the appendix at the end of the study, were created for each level to visually represent the spread of the distribution, where a smaller box is indicative of a smaller interquartile range (IQR) and thus a smaller spread of values. For example, at 900 mb, while all time periods had a similar mean value (approximately 150 km), the IQR at 0300 UTC appears to be significantly smaller than that of 0600 UTC or 0900 UTC ( Figure  6 ). This is indicative of a smaller spread of data and thus less variability. Though 0300 UTC does not have the smallest mean among the three times, the small IQR would be better from a forecasting standpoint. However, a visual analysis is not enough to conclude if time of night is having an influence on these values. As a supplement to the visual analysis done with the box and whisker plots, twosample t-tests were used to determine if there were statistically significant differences between the mean distances measured at 0300 UTC and 0600 UTC, 0300 UTC and 0900 UTC, and 0600 UTC and 0900 UTC for each level of interest ( of the mean distance between the frontogenetic maximum and the MRMS QPE maximum at 0300 UTC, 0600 UTC, and 0900 UTC at 900 mb, 850 mb, 800 mb, 750 mb, 700 mb, 650 mb, and 600 mb. Values in italics were considered significant at a 90% confidence level. Values with an asterisk were considered significant at a 95% confidence level.
FIG. 6:
Box and whisker plots for the distance of the frontogenetic maxima from the precipitation maxima at 900 mb for 0300 UTC (blue), 0600 UTC (orange), and 0900 UTC (grey) respectively. The "x" represents the mean value and the line represents the median value. The boxed area spans the interquartile range (IQR), where the top of the box is the upper quartile and the bottom of the box is the lower quartile. The whiskers on each box extend to the maximum and minimum value of the series. Due to an outlier in the 0300 UTC data, the top whisker only extends to 1.5*IQR.
were much greater than the significance level of .05. The only level which displayed any significance was at 600 mb for 0600 UTC vs 0900 UTC given a 90% confidence level. As a result, we must reject the alternative hypothesis in favor of the null hypothesis and conclude that there was no statistically significant difference in the mean distance measured at various times of night at any level. Thus, time of night does have a significant influence on frontogenesis.
CONCLUSION AND DISCUSSION
The primary intent of this study was to determine if the region of maximum rainfall associated with a MCS could be wellpredicted by frontogenesis at some level in the atmosphere. Additionally, a secondary question was proposed to determine whether or not time of night was a factor that could have influenced the outcome of these results.
The results of this study demonstrated that frontogenesis could not be used as a predictor of the region of maximum rainfall, as it was concluded that there was not a statistically significant difference between the mean distance of any one level and all other levels given a 95% confidence level. Furthermore, it was determined that time of night had no influence on measurements of distance.
The outcome of this study was ultimately a result of the amount of variability involved with frontogenesis which often made it difficult or impossible to determine the frontogenetic maximum. Though parameters were set in place to simplify this step, it was often very subjective. Though it was specified that the frontogenetic maximum closest to the MCS would be recorded, there was often no frontogenesis anywhere in the vicinity of the MCS at any level of the atmosphere. In these cases, there was often a very strong frontogenetic maximum, but it was typically multiple states away from the MCS of interest. Thus, it was a judgement call as to whether or not this maximum was recorded as opposed to recording "No Frontogenesis." The opposite problem was also a common reoccurrence. For a single MCS, there could be five or six different frontogenetic maxima, all of which were isolated and seemingly contributing to the MCS. However, which maximum was selected drastically altered the results of the study, thereby resulting in further variability.
Another issue associated with the frontogenesis involved the organization of the frontogenesis in relation to the convection. One of the most significant issues was a result of convection which did not occur on either the warm side or the cold side of the frontogenetic maximum, but rather occurred along the axis of dilation. As a result, distance values of upwards of 500 km were often recorded due to the orientation of the maxima relative to each other, thereby producing several outliers. This issue was unexpected and requires further analysis, as it is commonly understood that precipitation falls on the warm side of a frontogenetic zone. These cases appear to go against theory, and thus there are likely other synoptic or mesoscale factors which are influencing the frontogenesis. However, it should be noted that for some of the cases that seemingly went against theory, there was often a point in the atmosphere, typically around 700 or 650 mb, where this incongruity was no longer the case, resulting in a significant decrease in the distance between the precipitation maximum and the frontogenetic maximum.
If analysis is to be continued in regard to frontogenesis as a tool for predicting rainfall, more research must first be done to understand the nature of frontogenesis and the factors which result in its apparent variability. Furthermore, it may be beneficial to re-examine this study given a larger data set, as only nineteen cases were evaluated for this study and a larger data set could better eliminate the influence of outliers on the results. However, special attention should also be paid to those cases which were considered to be outliers in order to determine if there are potentially other factors contributing to MCS initiation which have a larger influence than frontogenesis.
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